Introduction
The natural history of chronic pancreatitis (CP) includes progressive loss of exocrine and endocrine function. Endocrine failure occurs due to progressive destruction of the gland by the ongoing inflammatory events of CP, and results in diabetes which is termed pancreatogenic or type 3c diabetes. The pathophysiology of type 3c diabetes (T3cDM) includes loss of secretion of the principal glucoregulatory hormones produced by the islets (insulin, glucagon, and pancreatic polypeptide), and is contributed to by abnormal secretion of the incretin hormones glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) which are adversely affected by the loss of exocrine function. T3cDM is therefore a complex form of secondary diabetes, which requires careful assessment and management.
Pathophysiology of T3cDM Definition and Classification of Pancreatogenic or Type 3c Diabetes
Diabetes caused by agenesis, destruction or loss of the exocrine pancreas has been termed Pancreatogenic Diabetes. In 1979, the National Diabetes Data Group (NDDG) of the National Institutes of Health formulated a classification system that was subsequently endorsed by the American Diabetes Association (ADA) and other groups which defined secondary diabetes due to a variety of causes including pancreatic disease as a third type of diabetes, after type 1 and type 2 (24) . In 1997, the ADA published a table of diabetes classification in which pancreatogenic diabetes was designated as type 3c diabetes (T3cDM) (39) . The ADA classification table was subsequently republished as an annual supplement every year from 2002 (19) until 2014 (4) . In 2015, the same classification table was not re-published, and pancreatogenic diabetes was included as a form of "diabetes due to other causes" without further description or guidelines for diagnosis or therapy (3) . The term type 3c diabetes has been used repeatedly by investigators and clinicians to refer to the diabetes which results from or is associated with pancreatitis, trauma/pancreatectomy, neoplasia, cystic fibrosis, hemochromatosis, and fibrocalcific pancreatopathy.
It is uncertain whether pancreatogenic diabetes due to CP is identical to other forms of T3cDM due to causes such as pancreatectomy, pancreatic cancer, or cystic fibrosis, or whether these various causes of T3cDM have similar etiologies. T3cDM due to CP appears to most closely resemble the form of diabetes associated with pancreatic resection, in that beta-cell mass is reduced according to the extent of the resection or disease, and a deficiency of pancreatic polypeptide (PP), a regulator of the expression and availability of hepatic insulin receptors, is a consequence of advanced CP as well as proximal (or total) pancreatectomy (15) . In diabetes that is a consequence, and frequently a harbinger, of pancreatic ductal adenocarcinoma (PDAC), insulin secretion is impaired due to what is thought to be a para-neoplastic phenomenon (29) , and insulin sensitivity is impaired (11) . The impairment in (hepatic) insulin sensitivity may be a consequence of the loss of PP secretion associated with PDAC localized to the pancreatic head (27) . In diabetes associated with cystic fibrosis, the progressive destruction of the pancreas due to the impairment in bicarbonate secretion caused by mutations in the cystic fibrosis transmembrane receptor is associated with insulin deficiency as well as a loss of hepatic insulin sensitivity (30) which may also be a consequence of impaired PP secretion (1).
Prevalence of T3cDM
The prevalence of pancreatogenic or T3cDM was believed to be quite low until recent studies by Hardt et al (25) and Ewald et al (18) showed that T3cDM accounted for 8-9% of the total population of over 1900 diabetic patients referred to an academic center in Germany (Figure 1 ). No such prevalence study has been published for North America or elsewhere, due to uncertainly of the criteria for the designation of T3cDM and its differentiation from type 1 and type 2 diabetes. In the German series, it was found that half of the patients with probable or definite T3cDM had been previously misdiagnosed as having either type 1 diabetes (T1DM) or type 2 diabetes (T2DM). The largest fraction (76%) of patients classified as having T3cDM had antecedent CP.
Natural History of CP-associated T3cDM
The prevalence of diabetes in patients with CP has been reported to range from 20-70% (8, 44) . Longitudinal studies of 500 patients with (alcoholinduced) CP showed that after 25 years, 83% of patients had developed diabetes, and most required insulin treatment (36) . The morbidity of the diabetes due to small vessel disease (retinopathy and nephropathy) has been shown to be similar for T3cDM as for other types (14) , and the mortality of T3cDM due to hypoglycemia and other diabetic complications appears comparable of that of diabetes due to other causes. 
Pathophysiology of T3cDM
Severe T3cDM secondary to a complete loss of islet hormone secretion is associated with a form of disease termed "brittle diabetes" due to a loss of both insulin and glucagon secretion. Insulin deficiency results in an increase in peripheral insulin sensitivity, and the potential for overmedication despite small doses of insulin, and glucagon deficiency results in a loss of hypoglycemia awareness and responsiveness with resulting neuroglycopenia. A 1981 series of 117 patients treated with partial and total pancreatectomy for CP revealed that half of the late deaths after surgery were due to hypoglycemia (21) .
Hyperglycemia in T3cDM is due to insulin deficiency, and persistent endogenous glucose production due to the loss of hepatic insulin sensitivity (15) . In laboratory and clinical studies, persistent hepatic glucose production was seen to be associated with the loss of PP secretion (47, 49) , and was reversed by PP administration in PP-deficient patients with CP (10).
Progressive exocrine dysfunction results in a failure to digest fats, due to lipase deficiency. This results in impaired absortion of the fat-soluble vitamins A, D, E, and K (2), and is associated with a high prevalence of metabolic bone disease and fracture in CP (51) . The loss of fat digestion also results in impaired incretin-mediated insulin release due to altered GLP-1 and GIP secretion from the proximal and distal small bowel. Pancreatic enzyme replacement therapy (PERT) has been shown to restore incretin secretion and improve nutrient-induced insulin release (16, 31) . A comparison of the clinical and laboratory features which differentiate T1DM, T2DM and T3cDM is shown in Table 1 . (38) .
Modified from Ref (17), with permission.
Differentiation of T3cDM from T1DM and T2DM
The diagnosis of T3cDM due to CP was addressed in a consensus conference held at the annual meeting of PancreasFest in 2012 (46) . A definition of major and minor criteria for the diagnosis of T3cDM was described, and included the documentation of antecedent pancreatic exocrine disease established by radiology and exocrine secretory testing. In addition, the absence of anti-islet antibodies (to rule out T1DM) and PP deficiency (to rule out T2DM) were included as criteria. These criteria have also been used by Ewald et al. in their studies of T3cDM (17) . As the majority of patients with CP will develop diabetes later in their disease course, the most common misdiagnosis is that of T2DM. A proposed set of criteria for the diagnosis of T3cDM is shown in Table 2 .
PP secretion is increased in obesity associated with diabetes (23) , and with normal aging and age-related diabetes (12) . PP secretion is increased in these diabetic groups presumably as a compensatory response to a progressive decline in insulin sensitivity. In T3cDM due to CP, pancreatic resection, pancreatic carcinoma, and cystic fibrosis, however, PP secretion is impaired (15) ( Table 1) . Therefore, a failure of PP secretion in response to oral nutrients is a useful test to discriminate T3cDM from the more prevalent T2DM. PP secretion is stimulated by glucose, protein and fat, but glucose alone is a relatively weak stimulant for PP release. This is probably a consequence of the normal enteric stimulation of PP release by cholecystokinin (CCK) (33) and GIP (5, 12) . Because oral glucose is a weak stimulant of PP, it is recommended that a mixed meal test be used to document PP levels (46) . Eight ounces of a liquid nutritional supplement such as Boost®or Ensure® serves as a suitable nutrient stimulus for PP release and is usually well tolerated. PP levels normally increase 3-to 5-fold within 30-60 minutes after ingestion of the liquid meal, so plasma levels obtained before (fasting) and at 30 and 60 minutes after ingestion are sufficient to detect a failure (less than 2-fold increase) in PP secretion.
Practical Importance of Differentiating T3cDM from T2DM
T3cDM differs from T2DM due to the high prevalence of metabolic bone disease and nutritional deficiencies, and an increased risk of pancreatic cancer. Pancreatic exocrine insufficiency is present in most patients with T3cDM, and frequently exists despite the absence of the classic symptom of steatorrhea. When T3cDM is diagnosed or suspected, it is appropriate to assess exocrine function in all patients, and the most commonly used test is the fecal elastase 1 (FE1) level (17) . Levels of FE1 above 200ug/g are considered normal, whereas levels below 100ug/g indicate significant exocrine impairment (34) . Low FE1 levels or a history suggestive of exocrine insufficiency are indications for PERT.
Metabolic bone disease, due to a loss of vitamin D absorption, is common in patients with CP and T3cDM. Vitamin D supplements along with PERT are believed to be useful to reduce the risk of osteopenia and bone fractures (2) , and should be considered in all patients.
CP associated with diabetes carries a 12-to 33-fold increased risk for the development of pancreatic cancer (9, 32, 35) . Therefore all patients with T3cDM due to CP should be regularly evaluated for the presence of this malignancy. Indications of the presence of PDAC include unexplained weight loss, or a sudden worsening of glycemic control in a patient with known diabetes. Surveillance studies might include CA19-9 levels, although this has not been shown to be a useful marker of early stage (resectable) PDAC. No published criteria have yet been formalized for the screening of CP patients, other than periodic pancreatic imaging. Although CT scanning is used most widely, endoscopic ultrasound is more useful for the detection of early-stage disease. Patients with stable CP who suddenly develop diabetes are candidates for pancreatic imaging studies to rule out the possibility of PDAC. 
Management of T3cDM Screening for Diabetes
All patients with CP should be periodically evaluated for the presence of the development of T3cDM (46) . Surveillance should include hemoglobin A1C (Hgb A1C) levels or fasting glucose levels, as recommended by the ADA (Table 3) . Values which are suspicious or non-diagnostic for diabetes should be followed by oral glucose tolerance testing (OGTT) to confirm the presence of diabetes. Repeat testing should be performed every 6 months if equivocal or non-diagnostic, or every 3 years if normal (3). Differentiation of T3cDM from T2DM should include the criteria shown in Table 2 with the measurement of PP responsiveness to a liquid test meal, as described above.
PP deficiency may be the earliest indication of endocrine dysfunction in CP. Because PPsecreting cells are localized predominantly in the pancreatic head and uncinate process, inflammation localized to the pancreatic head may affect PP secretion before global beta-cell failure results in hyperglycemia. PP deficiency is associated with impaired hepatic insulin sensitivity, but may not result in diabetes if sufficient residual islet function is present (47) .
Algorithm for the Management of Hyperglycemia
The goal of therapy is to lower the HgbA1C level to less than 7%. No evidence-based recommendations are available to guide the treatment of T3cDM, specifically. Therefore guidelines which pertain to the management of T2DM are usually followed (42) . Oral therapy is recommended to begin with metformin, although this drug may be problematic to patients with CP, due to gastrointestinal irritability. A schedule of graduated increases in metformin doses has been recommended to lessen side effects (Table 4) and maybe used with periodic HgbA1C testing to assess the effectiveness of therapy. Table 4 . METFORMIN GRADUATED DOSE SCHEDULE 1. Begin with low dose (500 mg) metformin taken once or twice a day (before breakfast and/or dinner) or 850 mg once a day (before breakfast).
2.
After 5-7 days, if gastrointestinal side effects have not occurred, advance dose to 850-1,000 mg twice a day.
3.
If gastrointestinal side effects appear as dose is increased, drop back to previous dose and wait an additional 2-4 weeks before increasing dose again.
4.
Maximum effective dose is 1,000 mg twice a day, although dose increase to 2,500 mg/day may have greater effectiveness if gastrointestinal side effects do not intervene.
5.
Generic metfomin is preferred due to cost considerations, but a longer-acting formulation available in some countries may allow once-a-day dosing. Metformin is contraindicated in patients with renal failure or when glomerular filtration rate falls to < 30 ml/min.
If metformin is not tolerated, or is ineffective, additional or alternative medications include alpha glucosidase inhibitors (αGIs) (45), thiazolidinediones (TZDs) (22) , and sodiumglucose cotransporter-2 inhibitors (SGLT2Is) (40) . TZDs have been shown in one study to be effective in reversing the hepatic insulin resistance of T3cDM due to CP (52), but SGLT2Is have been associated with euglycemic acidosis in insulin deficient patients (28) so their use should be accompanied by caution.
Insulin secretagogues and incretin-based therapy should be avoided or delayed when possible, due to the increased incidence of hypoglycemia associated with sulfonylurea therapy, and the suspected (but unconfirmed) risk of pancreatitis and pancreatic malignancy associated with incretin-based therapy. It is recommended that until studies of incretin-based therapy are found safe in patients with T3cDM, that these agents be avoided (46) . In CP patients with impaired glucagon secretion, the risk of hypoglycemia is increased. Metformin, TZDs, and αGIs have not been shown to increase the risk of hypoglycemia compared to other therapies (7). Patients with a history of hypoglycemia might better be managed with a therapeutic goal of maintaining HgbA1C level to less than 8%. When hyperglycemic crises occur, or when HgbA1C levels are persistently above 7%, insulin treatment is indicated for the management of T3cDM (15) . Patients with T3cDM frequently require low doses of insulin, due to increased peripheral insulin sensitivity, and a usual approach is to begin with 10 units of Lantus insulin once per day with subsequent assessment of HgbA1C levels and surveillance for hypoglycemia. Additional doses of insulin may be necessary as twice-a-day administration or greater. Patients with brittle diabetes may be better managed with a programmable insulin pump coupled with a continuous glucose monitor.
Importance of Pancreatic Enzyme Replacement Therapy (PERT)
Pancreatic exocrine insufficiency is present in virtually all patients with T3cDM, and may not be accompanied by the classic symptom of steatorrhea (26) , so PERT is recommended for consideration in all cases. Oral enzyme supplements vary in formulation and dosage, and their availability is affected by healthcare coverage and distribution issues. Therefore, multiple formulations of pancreatic enzyme supplements are potentially useful, with selection based on availability (Table 5 ).
In general, 90,000 USP units of enzyme are required for complete digestion and absorption of a normal meal. The amount of enzymes required by an individual patient will depend on residual endogenous exocrine function, and may be limited by side effects. It is recommended that therapy begin with a dose of 50,000-60,000 USP units, or 1,000 USP units of lipase/kg, per meal, taken in divided doses before and after eating, with subsequent assessment of effectiveness and symptoms (2) . Pancreatic enzyme bioavailability is affected by acid inactivation of lipase, so an antacid medication is usually prescribed to improve efficacy (20) . Multivitamins or vitamin D supplements are also appropriate to consider in patients with T3cDM due to the high prevalence of metabolic bone disease in CP.
Role of Early Intervention in Delaying or Preventing Progressive Endocrine Failure
Progressive endocrine dysfunction is a sign of progressive pancreatic destruction due to CP. Therefore therapeutic interventions which halt or delay the continued inflammation may prevent or delay the development of T3cDM. These interventions may include therapeutic endoscopy or surgical approaches to prevent persistent inflammation, in addition to abstinence from toxic agents (e.g., alcohol and nicotine) which are associated with recurrent attacks. The relief of obstructive pancreatopathy by surgical decompression has been shown to prevent or delay the progression of CP over 24 months (43) , although the development of subsequent T3cDM after resectional and hybrid surgical procedures has been found to be progressive and similar after 5 years (48) . The risk of T3cDM after surgical procedures is less in the near-term post-operative period with hybrid procedures (e.g., Beger or Frey procedures) than with proximal pancreatectomy (6).
Role of Total Pancreatectomy with Islet Auto-transplantation (TPIAT) in Preserving Endocrine Function in CP
The principal symptom which usually prompts treatment of CP is pain. Most patients with recurrent or chronic pain due to CP can be successfully managed with therapeutic endoscopic or surgical resection and/or decompressive approaches. A significant number of patients have persistent symptoms despite prior treatment approaches, and/or are not considered appropriate candidates for decompressive or hybrid procedures. Many of these patients are disabled by their symptoms, and are usually dependent on opioid treatment for relief. For this subset of CP patients who still have endocrine function, an alternative consideration for management is TPIAT.
Total pancreatectomy (alone) is a potentially devastating procedure because of the risk of complete exocrine and endocrine insufficiency.
Although such patients can be managed with meticulous attention to nutritional and glycemic homestasis, the requirements of this care are very high. In some patients with disabling symptoms, total pancreatectomy may be a feasible option, if endocrine function can be preserved by autologous islet transplantation. TPIAT has been performed since 1977, when it was developed at the University of Minnesota (41) . Currently, there are 15 centers in the United States which offer TPIAT, with 150-200 such procedures being performed each year. About 30% of TPIAT patients are insulin-independent 3 years after their procedure, another 32% have partial islet function, and more than 85% of patients report significant pain relief and an improved quality of life after recovery (50) . In recent years, TPIAT has been employed in an increasing number of pediatric patients with hereditary or idiopathic CP, whose disease is often completely disabling. In children aged 5-12 years who have received TPIAT, 56% of patients are insulin-independent and virtually all have returned to normal activities one year after the procedure (13) . In adolescent patients aged 13-19 years, 41% of patients are insulin-independent and 90% report relief of symptoms and a return to normal activities 3 years after the procedure.
Summary
Endocrine failure is a common complication of CP, and indicates severe or worsening disease. The development of T3cDM may be hastened by pancreatic resection or pre-existing diminished pancreatic reserve. T3cDM is a result of the combined deficiency of insulin, glucagon, and PP, and is worsened by an impaired incretin effect, due to exocrine deficiency-related deficits in the secretion of GLP-1 and GIP. T3cDM is virtually always accompanied by exocrine insufficiency, which results in vitamin D deficiency and metabolic bone disease. Pancreatic enzyme replacement is therefore indicated in almost all cases. The management of T3cDM requires careful attention to the risks of hypoglycemia, and should begin with a trial of therapy with metformin. New onset T3cDM is an indication to consider the possible presence of pancreatic cancer as a cause. Reducing the risk of T3cDM through interventions which delay or prevent its occurrence are important considerations in the treatment of CP.
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